Background: Patients with bipolar disorder are at high risk of metabolic disturbance after mood stabilizer treatment. However, the mediators linking the two conditions remain unknown. In this study, we investigated whether fibroblast growth factor-21 (FGF21) was associated with metabolic effects and treatment response in depressed bipolar disorder patients. Methods: We recruited 78 community-dwelling controls and 137 bipolar disorder patients; the latter were interviewed using the Chinese Version of the Modified Schedule of Affective Disorder and Schizophrenia-Life Time. Upon study entry, the bipolar disorder patients were all in a major depressive status, with 17-item Hamilton Depression Rating Scale (HDRS) scores >15. They received valproate (500-1000 mg daily) for 12 weeks, and fluoxetine 20 mg daily was permitted to treat depressive symptoms. Fasting plasma level of FGF21, lipid profiles, and body weight were collected at baseline and after 12 weeks of treatment. Results: At baseline, the demographic characteristics, FGF21 level, and metabolic indices did not differ significantly between the controls and bipolar disorder patients. After 12 weeks of treatment, the FGF21 level (167.7 ± 122.0 to 207.1 ± 162.3 pg/ mL, P = .001), body weight and waist circumference had increased significantly (P < .001 and P = .028, respectively). Moreover, the change in FGF21 level was significantly correlated with the changes in HDRS score (r = 0.393, P = .002), total cholesterol (r = −0.344, P = .008), and low-density lipoprotein (r = −0.347, P = .007). Conclusions: The central and peripheral mediating effects of FGF21 on bipolar disorder depression treatment might be opposite. High peripheral FGF21 levels might link regulation of metabolic effect and resistance to treatment in bipolar disorder.
Introduction
Bipolar disorder (BD) is a mental disorder that causes impairment of functionality in daily life, resulting in costs to both patients and society (Grande et al., 2016) . In addition, epidemiologic evidence has indicated increased metabolic abnormalities in BD patients, with a prevalence of metabolic syndrome of 30% to 50% (Taylor and MacQueen, 2006; Chang et al., 2009 ). The disorder itself, together with the medications used as mood stabilizers, could increase the metabolic risk (Yumru et al., 2008; Chang et al., 2010b; Grande et al., 2016) . Metabolic abnormalities result in high medical morbidity and mortality in BD patients (Forty et al., 2014; Schoepf and Heun, 2014) . Overall, comorbidities with BD and metabolic abnormalities contribute to increased long-term costs to the national health care system (Kleine-Budde et al., 2014; Jin and McCrone, 2015) .
Importantly, mood stabilizers not only effectively improve mood symptoms but also induce and aggravate metabolic abnormalities in BD (Wink et al., 2017) . Whether there are shared underlying neurological and physiological mechanisms that explain the therapeutic and metabolic effects remains unclear. Recent in vitro studies indicated that fibroblast growth factor 21 (FGF21) has a neuroprotective function and is markedly elevated in neurons under treatment with mood stabilizers (Leng et al., 2015) . An in vivo study showed that FGF21 could regulate circadian behavior by acting on the nervous system (Bookout et al., 2013) . Peripheral physiological roles of FGF21 include the maintenance of energy homeostasis under conditions of metabolic or environmental stress (Woo et al., 2013; Kim and Lee, 2014) . Moreover, FGF21 can cross the blood-brain barrier and modulate phosphorylation cascades and gene expression in the whole hypothalamus (Bookout et al., 2013) . FGF21 acts directly on the nervous system to induce sympathetic nerve activity that regulates metabolism (Bookout et al., 2013; Owen et al., 2014) .
Therefore, FGF21 may not only play a role as a regulator of metabolic effects but may also possess the therapeutic action of mood stabilizers. However, to date, no clinical studies have investigated the associations between FGF21, treatment outcome of mood stabilizers, and metabolic effects in BD patients. Thus, in this longitudinal study, we aimed to investigate whether FGF21 was associated with metabolic effects and the treatment response in depressed BD patients treated with valproate (VPA) and fluoxetine. In addition, bipolar II disorder (BD II) is characterized with more chronic courses and major depressive episodes than those of BD I (Vieta et al., 1997; Pallanti et al., 1999; Judd et al., 2003a) . To exclude the influence of BD itself on the association between FGF21 level and treatment outcome, we only recruited the BD II patients in the current study.
Methods

Subjects
The Institutional Review Board for the Protection of Human Subjects at National Cheng Kung University Hospital approved the research protocol. All participants, recruited from outpatient settings at the National Cheng Kung University Hospital, provided written informed consent regarding their willingness to participate in the research. To assess whether BD influences the FGF21 level, we recruited healthy controls from the community after exclusion of individuals with mental illnesses by a senior psychiatrist using the Chinese version of the Mini International Neuropsychiatry Interview. All the BD patients were initially evaluated in an interview by an attending psychiatrist using the Chinese Version of the Modified Schedule of Affective Disorder and Schizophrenia-Life Time, which has a good inter-rater reliability, to determine the DSM-IV. The patients also met the following inclusion criteria: (1) diagnosis of BD II using the 2-day minimum for hypomania , (2) major depressive status at the time of study entry, with a 17-item Hamilton Depression Rating Scale (HDRS) score >15, and (3) drug-naïve and at first diagnosis, with no history of mood stabilizer treatment. We recruited only first-diagnosis, drug-naïve BD II patients who received their first treatment. In addition, we used 2-day minimum of hypomania in the diagnosis of BD II instead of the 4-day of criteria, because epidemiologic data suggest that 2-day duration of hypomania is more prevalent and sensitive to diagnose BD II (Judd et al., 2003b; Benazzi and Akiskal, 2006) .
After enrollment in this study, the patients received VPA in the therapeutic range of 50 to 100 µg/mL for 12 weeks. Concomitant fluoxetine (20 mg/day) was permitted to treat depressive symptoms, and lorazepam (<8 mg/day) was used for nighttime sedation and to treat agitation and insomnia during the study, the dosage of which was adjusted according to the clinical manifestation and the patient's tolerance. The mood of each patient was evaluated using the HDRS and the 11-item Young Mania Rating Scale (YMRS) at baseline and 12 weeks after the initiation of treatment.
Measurements
Fasting blood samples were collected between 8:00 am and 10:00 am. Ten milliliters of whole blood was withdrawn from the antecubital vein of each patient. Plasma, which was isolated from whole blood after centrifugation at 3000 ×g for 15 minutes at 4°C, was immediately stored at -80°C.
FGF21
The fasting plasma FGF21 level was determined using an ELISA kit (Biovender, Brno, Czech Republic) following the manufacturer's instructions. The limit of detection was 7 pg/ mL. The intra-and inter-assay coefficients of the samples were 2.4% and 3.5%, respectively. The antibodies used in this ELISA were specific for human FGF21. No cross-reactivity with human FGF19 and FGF23 had been observed. FGF21 concentration was calculated using the standard calibration curve provided with the kits. An independent assistant
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Metabolic Index
Fasting total cholesterol, low-density lipoprotein (LDL), and triglyceride concentrations were measured by enzymatic methods using the automated analyzer TBA-200FR (Toshiba Lab Medical, Tokyo, Japan). In addition, the body mass index (BMI) of each patient was measured at each time point. BMI was calculated as weight (kg) divided by height squared (m 2 ), and waist circumference was measured at the level midway between the lateral lower rib margin and the superior anterior iliac crest.
Statistical Analysis
Statistical analysis was performed using the SPSS 12.0 (SPSS Inc.,). Categorical variables were expressed as numbers and percentages, and continuous variables as means ± SDs unless otherwise specified. Categorical variables were assessed using chi-square tests, and continuous variables were assessed using t tests or paired t tests. Correlations of the FGF21 level and metabolic indices among all the subjects were assessed using linear regressions with the covariant of disease status (BD or healthy controls). Correlations of the change in FGF21 level with disease severity and metabolic effects in the BD patients were calculated using Pearson's correlation. The change in FGF21 level was calculated as (FGF21 level at 12 weeks -FGF21 level at baseline), and the change in other indices was also calculated in a similar way. When the change in FGF21 level was a plus quantity, the FGF21 levels increased after the treatment. In addition, intent-to-treat analyses were used to assess the baseline disease severity and metabolic indices as the primary outcomes at baseline and after VPA treatment. The level of significance was set at 0.05 for 2-sided tests.
Results
We recruited 78 healthy controls and 137 BD patients. The demographic data are shown in Table 1 . Age and gender did not differ significantly between the healthy controls and the BD patients. The baseline FGF21 level and metabolic indices were also not significantly different between groups, while the BD patients presented with significantly higher HDRS and YMRS scores than those of the controls. At baseline, the FGF21 level was correlated with body weight (β = 0.147, P = .036), BMI (β = 0.213, P = .002), waist circumference (β = 0.263, P < .001), and triglyceride (β = 0.329, P < .001) according to a regression model with the covariant of disease status (BD or healthy controls). There was no interaction of FGF21 level and disease status on either the disease severity score or on metabolic indices.
After 12 weeks of treatment, improvements in HDRS and YMRS scores, representing disease severity, were observed in the BD patients (P < .001 and P < .001, respectively). The FGF21 levels (167.7 ± 122.0 and 207.1 ± 162.3 pg/mL, P = .001), body weight, and waist circumference increased significantly after the treatment (P < .001 and P = .028, respectively) ( Table 1 ). There was no gender difference in the increase of FGF21 levels (male: 165.6 ± 125.1 to 203.9 ± 159.8 pg/mL, p= 0.016 and female: 169.7 ± 120.0 to 210.1 ± 165.8 pg/mL, P = .011, respectively). Moreover, there was no significant correlation between the VPA concentration and FGF21 level at 12 weeks.
In addition, we aimed to investigate whether the change in FGF21 level was associated with treatment outcome and with metabolic effects in the BD patients ( Table 2 ). The results showed that the change in FGF21 level was significantly correlated with the change in HAMD score (r = 0.393, P = .002) but not YMRS score (r = −0.229, P = .081) (Figure 1 ). The BD patients who exhibited greater increases in the level of FGF21 had a poorer treatment response. The results also demonstrated that the change in FGF21 level was significantly correlated with the changes in the levels of total cholesterol (r = −0.344, P = .008) and LDL (r = −0.347, P = .007) (Figure 2 ).
Discussion
To our knowledge, this was the first clinical study to identify associations between FGF21 level, mood stabilizer treatment response, and metabolic effects in BD patients. In the current study, we found that at baseline, the FGF21 level did not differ significantly between the healthy controls and BD patients. However, in the BD patients, the FGF21 level significantly increased after VPA treatment, and the increased amount of FGF21 was significantly correlated with the treatment outcome and metabolic effects. The results suggested that FGF21 could be a common mediator of the treatment outcome with mood symptoms and metabolic effects in VPA-treated BD patients.
FGF21 is a novel endogenous regulator of glucose, lipid metabolism, and energy balance (Badman et al., 2007; Potthoff et al., 2009; Woo et al., 2013; Patel et al., 2015) . Human studies have shown that the plasma concentration of FGF21 is positively associated with BMI, fat mass, and waist circumference (Tan et al., 2011; Heianza et al., 2016) . In this study, we found that the plasma levels of FGF21 were similar to that reported in a previous study (Tan et al., 2011 ). And the plasma FGF21 level was correlated with BMI and waist circumference, regardless of disease status. Studies have demonstrated that liver-derived FGF21 can act as an insulin sensitizer to overcome prolonged fastinginduced insulin resistance by maximizing glucose uptake and adipose tissue lipolysis (Badman et al., 2007; Inagaki et al., 2007) . Interestingly, our previous studies showed that the glucose level was significantly lower in BD patients under chronic VPA treatment, though the blood lipid levels were significantly higher (Chang et al., 2009 (Chang et al., , 2010b . In this study, we observed an increase in the level of FGF21 after VPA treatment. Taken together, these results demonstrate that FGF21 could be a mediator of VPAinduced metabolic effects.
Our study also demonstrated that the plasma FGF21 level increased after VPA treatment in BD patients; however, the underlying mechanisms remain unknown (Szalowska et al., 2014) . In physiological conditions, the expression of FGF21 can be induced in response to diverse stressors in multiple organs (Kim and Lee, 2014) . Currently, in vitro studies using neuron/ glial cultures demonstrate the induction of FGF21 expression by VPA throught its histone deacetylase inhibition effects (Leng et al., 2016) . Further studies are need to clarify the underlying mechanisms for the FGF21 induction after in systemic VPA administration.
In addition to epilepsy treatment, VPA has also been used to treat BD depression (Grande et al., 2016) . Although there is no direct evidence of the mediatng effect of FGF21 in BD treatment, in vitro studies have shown FGF21 mRNA upregulation in neuron and glia after lithium/VPA co-treatment, and the production of FGF21 has been found to be associated with a critical role in neuroprotective effect against glutamate neurotoxicity through an Akt dependent pathway (Leng et al., 2015 (Leng et al., , 2016 . Recent in vivo animal study has demonstrated that FGF21 regulates circadian behavior and metabolism through its central effects (Bookout et al., 2013; Leng et al., 2015; Patel et al., 2015) . In addition, the central effects of FGF21 are important in terms of stress adaptation (Bookout et al., 2013; Patel et al., 2015) . FGF21 can modulate cognitive function by restoring synaptic plasticity, dendritic spine density, and brain mitochondrial function (Sa-nguanmoo et al., 2016) . However, the peripheral effect of FGF21 on BD remains unclear. Our results showed the possible central and peripheral mediating effects of FGF21 on BD depression treatment might be opposite. Those with increased peripheral FGF21 levels were associated with poor treatment response ( Figure 1 ) and less significant increase in blood lipid levels ( Figure 2) . As the FGF21 level was correlated with body weight, BMI, and, waist circumference at baseline for these patients, we proposed the changed in FGF21 level after treatment might represent a tendency to regulate metabolic effects (Chang et al., 2009 (Chang et al., , 2010a (Chang et al., , 2010b Fisher et al., 2010) . Furthermore, although evidences have linked metabolic dysfunction to resistance to treatment in BD (Calkin et al., 2015; Mansur et al., 2016a Mansur et al., , 2016b , further study is needed to clarify the understanding mechanism of FGF21 and mood stabilizer treatment in peripheral and in central effects.
There were some limitations of the present study. The first was the relatively small sample size from a single site. The second was the lack of control of confounding factors such as diet, exercise, socioeconomic status, and general health status. The third limitation was the length of the study period, although we were able to detect changes in metabolic indices and treatment outcome.
In conclusion, this was the first longitudinal study to report correlations between FGF21 level, treatment response and metabolic effects in BD patients treated with VPA. Our novel results suggested that FGF21 could be a common mediator of a shared mechanism of mood response and metabolic effects in BD patients treated with VPA and fluoxetine. FGF21-based therapies could potentially represent novel targets to prevent and treat a variety of mood and metabolic disorders (Gimeno and Moller, 2014; So and Leung, 2016) .
